The effect of the symmetry energy on the properties of compact stars is discussed. It is shown that, for stars with masses above 1 M⊙, the radius of the star varies linearly with the symmetry energy slope L. The dependence of the hyperon content and onset density of the direct Urca process on the symmetry energy and meson coupling parametrization are also analyzed.
The effect of the symmetry energy on the properties of compact stars is discussed. It is shown that, for stars with masses above 1 M⊙, the radius of the star varies linearly with the symmetry energy slope L. The dependence of the hyperon content and onset density of the direct Urca process on the symmetry energy and meson coupling parametrization are also analyzed. 
I. INTRODUCTION
Constraining the high density equation of state (EOS) of neutron rich matter is essential to understand the physics of compact stars [1] .
There have been recent attempts to set constraints on the high density EOS using observational data obtained from compact stars [2] [3] [4] . In particular, in [3] an empirical dense equation of state obtained from a heterogeneous set of six neutron stars with well-determined distances was proposed.
Phenomenological nuclear models are generally fitted to the ground-state properties of nuclei and, frequently, also to the collective response of these systems [5] [6] [7] , or nuclear matter saturation properties [8] . However, these constraints generally only determine quite uniquely the EOS close to saturation density and for an isospin asymmetry smaller than 0.2 [9, 10] . Extrapolation to high densities and/or high isospin asymmetries is kept unconstrained and different models predict quite different neutron star properties.
In [11] it was proposed that the parametrization of the nuclear EOS could also be constrained by the collective response of nuclei to the isoscalar monopole giant resonance (ISGMR) and the isovector dipole giant resonance (IVGDR). The author of [11] has proposed that the IS-GMR and IVGDR of 208 Pb were sensitive both to the incompressibility K and the symmetry energy ǫ sym , due to its isospin asymmetry. Therefore, the ISMGR data from a nucleus with a well developed breathing mode but a small neutron-proton asymmetry such as 90 Zr should be used to fix the incompressibility at saturation instead of a nucleus with a non negligible isospin asymmetry like 208 Pb. Once the incompressibility at saturation is fixed, the IVGDR 208 Pb may be used to constrain the symmetry energy.
This information together with the ground-state properties of nuclei has been used to define the FSU parametrization proposed in [6] . However, since the high density EOS is not constrained, FSU presents an EOS that is too soft at high densities and does not predict a star with a mass larger than 1.72 M ⊙ , 0.25 M ⊙ below the mass 1.97±0.04 M ⊙ of the recent mass measurement of the binary millisecond pulsar PSR J16142230 [12] . In order to overcome this drawback, the parametrization [7] was built in a way close to FSU but including an extra constraint: the EOS is compatible with the empirical equation of state determined in [3] . As a result the new parametrization predicts stars with larger masses and smaller radii [7] .
In the present work we want to understand how sensitive is the mass/radius curve of a family of stars to the symmetry energy and its slope at saturation. We study not only maximum mass configurations but also stars with a mass in the range 1.0 M ⊙ < M < 1.4 M ⊙ . These stars have a central density that goes from 1.5 ρ 0 to 2-3 ρ 0 , and therefore we will be testing the equation of state at suprasaturation densities.
At high density the formation of hyperons is energetically favorable and therefore we also study the effect of the symmetry energy on the appearance of this exotic degrees of freedom [8, 13] . We consider two different hyperon-meson parametrizations: one proposed in [8] and a second one that takes into account the different binding energies of the hyperons [14, 15] .
In section II we present the formalism used in the present work, in section III the results are presented and discussed and in the last section conclusions are drawn.
II. THE FORMALISM
In the present section we present the hadronic equations of state (EOS) used in this work. We describe hadronic matter within the framework of the relativistic non-linear Walecka model (NLWM) [16] . In this model the nucleons are coupled to neutral scalar σ, isoscalarvector ω µ and isovector-vector ρ µ meson fields. We include a ρ− ω meson coupling term as in [6, 7, 17] in order to study the effect of the symmetry energy on the star properties while leaving the isoscalar channel fixed.
The Lagrangian density reads
where m * j = m j − g σj σ is the baryon effective mass, 
We consider two different sets of hyperon-meson couplings. For the coupling set A the ω and ρ meson-hyperon coupling constants are obtained using the SU(6) symmetry: 3) where N means 'nucleon' (g iN ≡ g i ). The coupling constants {g σj } j=Λ,Σ,Ξ of the hyperons with the scalar meson σ are constrained by the hypernuclear potentials in nuclear matter to be consistent with hypernuclear data [14] . The hypernuclear potentials were constructed as
where
and V σ ≡ g σ σ 0 are the nuclear potentials for symmetric nuclear matter at saturation with the parameters of Table I . Following Ref.
[33] we use as proposed in [8] with x σ =0.8 and equal for all the hyperons. We obtain the fraction x ω from eq. (2.4) with V j = V Λ = −28 MeV, and take the same value for all the hyperons. For the hyperon-ρ-meson coupling we consider x ρ = x σ . This choice of coefficients has shown to give high maximum mass configurations [18] which could describe the millisecond pulsar J1614-2230 mass [12] .
In Table II we give the symmetric nuclear matter properties at saturation density as well as the parameters of the models used in the present work.
The equations of state (EOS) are the standard relativistic mean field equations known in the literature. In case of eq. (2.1), the EOS are the same as presented in [9] for the hadronic case. The baryon number density is:
where n j is the baryon number density of baryon j at zero temperature:
and k F j is the Fermi momentum of baryon j. For the sake of comparisons with symmetric nuclear matter (n B = n p + n n ), the symmetry energy is defined as:
where E is the energy density obtained from eq. (2.1) for j = 1, 2 and with no leptons, α is the asymmetry param-
, and the slope of the symmetry energy is:
When the hyperons are present we define the strangeness fraction:
where s j is the strangeness of baryon j and n B in this case is given by eq. (2.6). 
III. RESULTS
In Figs. 1 and 2a) the pressure of symmetric nuclear matter and the symmetry energy, respectively, are plotted for a large range of densities. In Fig. 1 we also include the experimental constraints obtained from collective flow data in heavy-ion collisions [19] . We have considered a wide range of models frequently used to study stellar matter or finite nuclei with quite different behaviours at high densities. Even though some of the models do not satisfy the constraints determined in [19] , as a whole this set of models allows us to understand the influence of a hard/soft equation of state (EOS) and a hard/soft symmetry energy on the star properties. We have considered the following parametrizations: NL3 [5] , with a quite large symmetry energy and incompressibility at saturation and which was fitted in order to reproduce the ground state properties of both stable and unstable nuclei. FSU [6] , which was accurately calibrated to simultaneously describe the GMR in 90 Zr and 208 Pb, and the IVGDR in 208 Pb and still reproduce ground-state observables of stable and unstable nuclei. FSU is very soft at high densities, therefore the authors of [7] have proposed a parametrization with similar properties, which they call IUFSU, having a harder behavior at high densities. GM1 and GM3 [8] are generally used to describe stellar matter, with a symmetry energy not so hard as the one of NL3, and NLρ [20] , which has been used to discuss the hadron matter-quark matter transition in [21] , and that has, at high densities, a behavior between GM1 and GM3.
In order to study the effect of the isovector channel in the star properties we also consider a modified version of the IUFSU parametrization: we keep the isoscalar chan- nel and change g ρ and Λ v keeping the symmetry energy fixed at the density 0.12 fm −3 . It has been shown in [10] that phenomenological models fitted to the properties of nuclei and nuclear matter have similar values of the symmetry energy for this density. We generate a set of models that differ in their value of the symmetry energy and corresponding slope at saturation as indicated in Table III, but have the same isoscalar properties. In Fig. 2b ) we show the symmetry energy density dependence of this set of models. The set 1 is the parametrization IUFSU. The other parametrizations have a larger symmetry energy and a larger slope L at saturation. The maximum value of L we have considered is within the experimental values obtained from isospin diffusion in heavy ion reactions [22] . The range of values considered for L span all the interval obtained for L from different analysis of experimental measurements [23] and a microscopic Brueckner Hartree-Fock calculation [24] . The effect of the symmetry energy on the strangeness fraction is seen in Figs. 3 and 4. It is clear from these figures that the strangeness content is sensitive to the model and the meson-hyperon couplings. The softer the EOS the larger the strangeness onset density and the smaller the strangeness content. A large meson-hyperon vector coupling, as occurs in set B, hinders the formation of hyperons. The symmetry energy is affecting directly the isovector chemical potential and, therefore, the chemical equilibrium. In Fig. 5 the chemical potential for neutral, positively charged and negatively charged baryons in β equilibrium are represented. It is seen that the neutron chemical potential becomes slightly smaller for a softer symmetry energy, because the ρ-meson field is weaker. However, the density dependence of the symmetry energy has a stronger effect on the electron chemical potential: a smaller L corresponds to a smaller proton fraction and, therefore, electron fraction so that the electron chemical potential decreases when L decreases. As a result the sum µ n + µ e , which defines the chemical potential of single negatively charged baryon, feels a much stronger reduction than the neutron chemical potential, and the difference µ n − µ e , which defines the chemical potential of single positively charged baryons, increases above saturation density when L decreases.
As a consequence, a soft symmetry energy shifts the hyperon onset to larger densities, if Λ, a neutral hyperon with isospin zero, is the first hyperon to appear. This is the case of set A (see the left panel of Fig. 6 ). However, the onset of hyperons is not affected by L when a negatively charged hyperon such as Σ − is the first hyperon to appear as for instance in set B (see the right panel of Fig. 6 ). Although the sum µ n + µ e decreases, the same happens with the Σ − chemical potential and the net result is an almost independence of the onset of the hyperon Σ − on L. As soon as the Λ also sets on the different parametrizations of the modified IU-FSU start to differ.
In Tables IV-IX the direct Urca onset density, mass and radius of maximum mass stars, the radius of stars with M = 1.0 M ⊙ and 1.4 M ⊙ , the symmetry energy E sym and the symmetry energy slope L are given for a) stars without hyperons, Tables IV and V, b) stars with hyperons that couple to mesons through set A, Tables  VI and VIII, and through set B, Tables VII and IX. The properties of stars obtained with models NL3, GM1, GM3, NLρ, FSU and IUFSU are given in Tables IV, VI and VII, and the properties of stars from a set of EOS obtained from IUFSU by changing the isovector channel are presented in Tables V, VIII and IX. Cooling of the star by neutrino emission can occur relatively fast if the direct Urca process, n → p + e − +ν e , is allowed [25] . The direct Urca (DU) process takes place when the proton fraction exceeds a critical value x DU [25] , which can be evaluated in terms of the leptonic fraction as [26] :
where x e = n e /(n e + n µ ) is the leptonic fraction, n e is the number density of electrons and n µ is the number density of muons. Cooling rates of neutron stars seem to indicate that this fast cooling process does not occur and, therefore, a constraint is set imposing that the direct Urca process is only allowed in stars with a mass larger than 1.5 M ⊙ , or a less restrictive limit, 1.35 M ⊙ [26] . Since the onset of the direct Urca process is closely related with the density dependence of the symmetry energy, this constraint gives information on the isovector channel of the EOS.
In Fig.7 the proton fractions for β-equilibrium matter are plotted for NL3, GM1, GM3, FSU and IUFSU. The black region defines the proton fraction at the onset of the direct Urca process.
The effect of the symmetry energy and the hyperon content on the onset density of the direct Urca process is seen in figures 8 as function of the slope L for the IUFSU and modified versions in the left panel , and for NL3, GM1, GM3, NLρ, FSU and IUFSU models in the right panel. We first analyse the effect of the symmetry energy slope on this quantity. We conclude that: a) for matter without hyperons the larger the L the smaller the neutron-proton asymmetry above the saturation density and, therefore, the smaller the direct Urca onset density; a) the larger the slope the smaller the onset density because a larger L corresponds to a harder symmetry energy and, therefore, larger fractions of protons are favored; c) for a low value of L the presence of hyperons decreases the onset density. The effect of the inclusion of hyperons depends on the hyperon-meson coupling. With Set A, Λ is the first hyperon to appear as can be seen in Fig. 6 a) . With the onset of the Λ, the neutron fraction decreases as well as the proton fraction. The behavior of the onset density for the DU depends on the balance between these two effects. In general the DU process is favored but for a small range of L (65 < L < 80 MeV), the DU process may occur at densities larger than the values obtained for nucleonic matter.
For set B, Σ − is the first hyperon to appear according to Fig. 6 b) . With the onset of a negatively charged hyperon, Σ − or Ξ − , there is an increase of the proton fraction due to electrical neutrality as well as a decrease of the neutron fraction: both effects favor the DU onset.
In figures 9, 10 and 11 the mass-radius for the families of stars obtained, respectively, from EOS without hyperons and from EOS with the meson-hyperon sets A and B are shown. In the three figures we show on the left panel the curves obtained with models NL3, GM1, GM3, NLρ, FSU and IUFSU, while in the right panel the curves for IUFSU and the modified IUFSU models. We also include the constrains obtained by [3] and the mass of the millisecond binary pulsar J1614-2230 [12] .
We discuss first the results without hyperons, Fig. 9 . All the models except FSU are able to describe the pulsar J1614-2230. However, only IUFSU and FSU satisfy the constrains on [3] . The set of relativistic mean field (RMF) models chosen has quite different properties and is reflected in the differences between the models: the harder models like NL3 and GM1 predict larger masses and radius, the softer EOS, FSU, the smallest mass, the smaller the L the smaller the radius. This last property is clearly seen in the left panel of Fig. 12 were the radius of maximum mass stars (squares), 1.4 M ⊙ stars (circles) and 1.0M ⊙ stars (triangles) are plotted as a function of the symmetry energy slope for nucleonic stars. The full symbols are for the modified IUFSU models and the empty ones for the NL3, GM1, GM3, NLρ, FSU models.
The modified IUFSU models show that if the isoscalar channel is left unchanged the radius decreases if L decreases. This reduction is larger for 1.0M ⊙ stars (more than 1 km for 45 < L < 100 MeV) but even for the maximum mass configurations there is still a 0.5 km difference. The set of RMF models chosen also show the same trend. However, since the isoscalar properties differ among the models, and they also affect the radius, the linear behavior is not present. Including hyperons in the EOS makes the EOS softer at large densities and the mass of the maximum mass stars is smaller [27] . This is seen in Fig. 10 were the massradius curves obtained with hyperon-meson coupling set A and B are plotted, respectively, in the left and right panels. We conclude that it is important to have correct couplings since the star masses are sensitive to the hyperon couplings. For set A only the NL3 model is able to describe the PSR J1316-2230, while within set B NL3, GM1, GM3 and NLρ are able to describe a star with a mass 1.97 ± 0.4 M ⊙ . The trend discussed above between the star radius and L is still present in these stars, see the empty symbols in the middle and right panels of Fig. 12 . This trend is confirmed by the modified IUFSU models, full symbols in the middle and right panels of Fig. 12 . Stars with 1.0 and 1.4 M ⊙ contain no hyperons, or only a small fraction and therefore their radius do not different from the results obtained for np matter. Maximum mass stars, however, do have hyperons and their radius depend on the hyperon couplings chosen: for set A radius is larger and the maximum mass is smaller than the corresponding quantities predicted by set B. None of the models is able to describe the PSR J1614-2230. We also conclude that the mass of the maximum mass configuration is quite insensitive to the symmetry energy slope.
IV. CONCLUSIONS
In the present work we have studied the effect of the density dependence of the symmetry energy on the star properties, namely the hyperon content, DU, raius and mass.
The study was performed within the RMF framework. We have considered parametrizations which have been fitted to the equilibrium properties of stable and unstable nuclei and/or dynamical response of nuclei, or to the saturation properties of symmetric nuclear matter. In order to test the density dependence of the symmetry energy we have considered the IU-FSU parametrization. Keeping the isoscalar channel fixed, we changed the isovector channel in order to reproduce the values of the symmetry energy slope which have been obtained from experimental measurements, 40 < L < 110 MeV [22, 23] . For the hadronic EOS we have considered two different parametrizations of the meson-hyperon couplings: in set A we considered the couplings that reproduce the binding energy of hyperons to symmetric nuclear matter; however, since only the binding energy of the Λ is well determined, we have also considered set B, which corresponds to the couplings proposed in [8] with x s = 0.8. With set B and the GM1 parametrization of the RMF for the nuclear EOS, the authors of [18] could obtain a maximum mass star configuration of the order of the one measured by Demorest et al. [12] recently.
We have analyzed the effect of L on the radius of stars with 1 M ⊙ , 1.4 M ⊙ and maximum mass configurations. The first two cases correspond to stars that have a central baryonic density in the range 1.5ρ 0 − 3ρ 0 and therefore give information on the EOS just above the saturation densities. These densities will be probed at FAIR [28] .
We have concluded that the radius of the star is sensitive to the slope L, and, in particular, the smaller the value of the slope, the smaller the radius of the star. It was also shown that the density dependence of the symmetry energy affects the onset density of the direct Urca process: the smaller L, the larger the density. This can be understood because a smaller L at saturation corresponds to a softer symmetry energy at high densities, and, therefore, a smaller proton fraction. However, the DU onset also depends on the hyperon content and the hyperon-meson couplings. If Λ is the first hyperon to appear, the DU may be hindered or favored according to a balance between the neutron and proton reductions. However, if a negatively charged hyperon such as the Σ − is the first hyperon to appear, there is a decrease of the neutron fraction and an increase of the proton fraction: both effects favor the DU onset.
It was also shown that the larger L, the larger the hyperon content because a larger L makes the EOS harder and therefore, it is energetically favorable to have a larger hyperon fraction. However, this only occurs if the first hyperon to appear is the Λ. A delicate balance between the increase suffered by the chemical potential of the Σ − and the neutron plus electron chemical potential may make the hyperon onset independent of L. We also conclude that the total strangeness content is sensitive to the meson-hyperon couplings and stronger constraints on the determination of these constants are required. For larger hyperon-vector meson couplings we have obtained a smaller strangeness content. According to recent estimates, based on a microscopic non-relativistic approach, including hyperon degrees of freedom seems to make the EOS too soft even including 3-body forces [29] , so that at most star masses of 1.6 M ⊙ are attained, far from the very precise mass value recently measured [12] . More data on hypernuclei are required in order to clarify this point. 
